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of	 the	genetic	diversity	of	T. parva	 in	 target	cattle	populations	 is	 therefore	 impor‐
tant	 prior	 to	 extensive	 vaccine	deployment.	 This	 study	 investigated	 the	 extent	 of	





Cattle‐derived	T. parva VNTR	genotypes	 revealed	a	high	degree	of	polymorphism.	
However,	all	of	 the	T. parva	Tp1	and	Tp2	alleles	 identified	 in	 this	 study	have	been	
reported	previously,	indicating	that	they	are	widespread	geographically	in	East	Africa	
and	highly	conserved.
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1  | INTRODUC TION
East	Coast	fever	(ECF),	caused	by	Theileria parva,	is	an	economically	
important	 cattle	 disease	 in	 eastern,	 central	 and	 southern	 Africa	
(Norval	et	al.,	1992),	due	to	mortality	induced	especially	in	calves	in‐
cluding	Zebu	(Thumbi	et	al.,	2013),	and	adult	exotic	Bos taurus cattle. 























Odongo,	 Lubega,	 Spooner,	 &	 Tait,	 2003)	 and	 immunodominant	
CD8+T‐cell	 target	antigen	 loci	 (Graham	et	al.,	2006)	 that	might	be	







dium‐sized	 herds	 in	 south‐western	 Uganda	where	 ECF	 is	 a	 major	
















VNTR	 (satellite)	and	 two	antigen	gene	sequences	 (Tp1	and	Tp2)	 in	
field	 parasite	 populations	 from	 cattle	 that	 co‐graze	 with	 buffalo.	
These	 CD8+T‐cell	 target	 antigens	 are	 immunodominant	 in	 cattle	
with	specific	MHC	Class	 I	alleles.	The	goal	of	 this	 research	was	to	
provide	baseline	data	on	parasite	genotypes	from	an	ECF	endemic	
area	prior	to	potential	future	ITM	deployment	in	this	population.
2  | MATERIAL S AND METHODS
2.1 | Ethics Statement
The	 protocols	 for	 cattle	 restraint	 and	 blood	 collection	 were	 ap‐
proved	 by	 Makerere	 University,	 College	 of	 Veterinary	 Medicine,	
Animal	Resources	and	Biosecurity	(CoVAB)	Institutional	Animal	Care	
and	 Use	 Ethical	 Committee.	 The	 approval	 reference	 number	 was	
sbls.an.2012.







for	Rhipicephalus appendiculatus	 ticks	 that	 transmit	T. parva, which 
can	be	found	up	to	8,000	feet	above	sea	level	in	areas	with	an	an‐







F I G U R E  1  Map	of	Uganda	showing	the	study	site.	Kiruhura	
district	in	south‐western	Uganda	is	indicated	with	a	red	circle
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2.3 | Sample collection and preparation
Whole	blood	 samples	were	collected	 from	each	animal	 into	EDTA	
vacutainer	 tubes	 (Fisher	Scientific)	 by	 jugular	 venipuncture.	Blood	
was	 transported	 in	 iceboxes	 to	 the	 district	 veterinary	 laboratory,	
spotted	onto	FTA	cards	in	duplicate	(120	μl	per	spot),	air‐dried	over‐
night	at	room	temperature	(27°C),	labelled	and	stored	individually	in	




2.4 | Screening cattle genomic DNA for T. parva 
by PCR
A	T. parva‐specific	nested	p104	PCR	assay	was	used	to	screen	for	





mix	 resulting	 in	a	 final	 reaction	volume	of	25	μl.	The	PCR	amplifi‐
cations	were	performed	using	a	programmable	thermal	cycler	from	




ple	 from	cattle‐derived	T. parva	 stock,	Muguga	 from	 ILRI,	Nairobi,	
Kenya,	was	included	as	a	reference	(positive)	control	sample	and	a	
negative	control	 (distilled	water)	was	also	 included.	Genomic	DNA	








somes	were	 used	 for	T. parva	 genotyping	 (Table	 1).	 The	 selection	
of	 the	 VNTRs	 was	 based	 on	 sensitivity	 and	 reproducibility	 (Oura	
et	al.,	2005).	To	increase	the	sensitivity	of	the	PCR,	a	nested	assay	
was	performed.	The	forward	primer	of	each	nested	primer	pair	was	










PCR,	1	μl	of	PCR	product	was	used	in	a	final	volume	of	10	μl and the 
PCR	components	and	conditions	were	similar	 to	 those	of	 the	 first	
PCR.	The	quality	of	PCR	amplicons	 (2	μl)	was	assessed	by	agarose	
gel	electrophoresis.
Genotyping	 used	 capillary	 flow	 fluorescent	 electrophoresis	 on	
an	ABI	3730	Genetic	Analyzer.	The	samples	were	prepared	as	fol‐
lows:	a	 reaction	mix	containing	PCR	product	 (0.5–2	μl)	was	added	
into	 each	 well	 of	 a	 96‐well	 plate	 containing	 8	 μl	 of	 a	 mixture	 of	
Hi‐Di	 Formamide	 and	Genescan	500	LIZ	 size	 standard	 (ABI‐USA).	








the	 curve	with	 the	prescribed	base	pair	 range.	All	 data	 generated	
from	GeneMapper	was	re‐sized	by	the	Allelobin	software	based	on	
the	consensus	sequence	of	the	locus.	A	predominant	allele	at	each	
locus	was	 used	 to	 generate	 allele	 frequency	 data	 and	multi‐locus	
genotypes	(MLGs)	in	Excel.	The	GenePop	v	4.1.3	software	was	used	
to	determine	the	allele	frequencies	of	the	14	SSR	markers	in	the	200	
T. parva	 field	 isolates.	 Principal	 Component	 Analysis	 (PCoA)	 was	
based	on	pairwise	Fst	data	(Figure	2).
2.6 | Analysis of T. parva Tp1 and Tp2 gene 
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XM_757880.1)	 and	 (GenBank	 XM_760490.1),	 respectively.	 First	
round	 Tp1	 primers	 were	 Tp1‐F:	 ATGGCCACTTCAATTGCATTTGCC	
and	Tp1‐R:	TTAAATGAAATATTTATGAGCTTC	with	a	product	size	of	
432	bp.	 Inner	 forward	primers	were	as	 follows:	Tp1_Forward_inner:	
TGCATTTGCCGCTGATCCTGGATTCTG	 and	 Tp1_Reverse_inner:	
TGAGCTTCGTATACACCCTCGTATTCG	 with	 a	 product	 size	 of	
405	 bp	 (Salih	 et	 al.,	 2017).	 The	 primers	 used	 to	 amplify	 the	 Tp2	
gene	 were	 Tp2_F:	 ATGAAATTGGCCGCCAGATTA	 and	 Tp2_R:	





Primary	 and	 secondary	 PCR	 amplifications	 for	 Tp1	 were	 per‐
formed	in	a	total	volume	of	20	μl	containing	10	pmol	of	forward	and	
reverse	primer	and	2	μl	of	genomic	DNA	(20ŋg/μl) template added 
to	a	lyophilized	pellet	(Bioneer	PCR‐PreMix‐Korea).	The	second	PCR	











trophoresis	 in	 gel	 red‐stained	 1.5%	 agarose	 gels.	 All	 the	 positive	
products	 (10	μl	 from	 each	 PCR	 product)	were	 purified	 using	 PCR	
Purification	Kit	(Invitrogen)	and	submitted	to	the	SegoLip	Sequencing	
Unit	 at	 BecA‐ILRI	 hub,	 Nairobi‐Kenya	 for	 sequencing	 using	 ABI	
3730	 Capillary	 Sequencer	 (Applied	 Biosystems‐USA).	 Thereafter,	
sequences	were	 edited	 and	 translated	 into	 protein	 using	 CLC	Bio	
DNA	 Workbench	 Version	 6.7.1	 (http://www.clcbio.com).	 Multiple	
alignment	of	Tp1	and	Tp2	sequences	together	with	Muguga	vaccine	
isolate	(XM_760490)	was	performed	using	cluster	(http://www.ge‐
nome.jp/tools.bin/clusterw)	 (Thompson,	 Higgins,	 &	Gibson,	 1994).	
Genetic	 differentiation	 and	 gene	 flow	 estimates	 were	 generated	
using	DnaSP	v5	http://www.ub.edu/dnasp/	(Librado	&	Rozas,	2009).
2.7 | Nucleotide and codon evolution at the 
immunodominant Tp1 locus
An	initial	neighbour‐joining	tree	was	constructed	based	on	the	Jukes	
and	 Cantor	 model	 using	 PAUP*	 (phylogenetic	 analysis	 using	 parsi‐
mony;	Swofford,	2003).	We	then	assessed	 the	 fit	of	 the	data	 to	56	
models	of	nucleotide	substitution,	including	those	that	allow	for	a	pro‐









Likelihood	 settings	 from	 the	 best	 fit	 nucleotide	 substitution	
model	were	then	used	to	investigate	whether	there	is	any	evidence	














3.1 | Theileria parva prevalence and genotypic diversity 
assessed using mini‐ and micro‐satellite markers
Screening	 of	 390	 cattle	 blood	 samples	 using	 the	 nested	 T. parva 
p104	 gene	 primers	 (Odongo	 et	 al.,	 2010)	 revealed	 a	 total	 of	 200	
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(51%)	positive	animals.	The	majority	of	the	PCR	amplicons	based	on	
the	mini‐	and	micro‐satellite	markers	revealed	multiple	(2–4)	bands	
on	 agarose	 gels	 (data	 not	 shown)	 indicating	mixed	 infections	with	
multiple	parasite	genotypes.	The	T. parva	population	from	cattle	in	






3.2 | Analysis of T. parva Tp1 antigen gene alleles
A	total	of	115	sequences	were	generated	from	the	200	T. parva	iso‐
lates	 and	 different	 Tp1	 alleles	were	 identified	 based	 on	 sequence	





2011)	were	 identified	 in	 the	CD8	+	T‐cell	 epitope	 in	 the	Kiruhura	
isolates	 (Figure	3).	One	of	the	Tp1	epitopes	 (VGYPKVKEEML)	that	
was	present	 in	 the	majority	of	 the	 field	 isolates	 from	Uganda	was	
identical	to	that	present	in	the	Muguga	reference	genotype	and	also	
Serengeti‐transformed	 (Figure	 3).	 The	 other	 two	 epitope	 variants	





and	 interpretable	 classification	of	 the	 relative	 frequencies	 of	 resi‐





heights	 is	 identical.	 Similarly,	 the	 residue	 frequencies	 at	 particular	
positions	as	shown	by	the	relative	residue	heights	are	also	identical.









3.3 | Analysis of T. parva Tp2 antigen gene alleles
The	 full‐length	 Tp2	ORF	 gene	 sequence	 that	 encodes	 174	 amino	
acids	was	PCR	amplified	and	sequenced	 from	30	T. parva	 isolates.	
Amplification	 efficiency	 of	 Tp2	 from	 the	 p104‐positive	 cattle	was	
relatively	 low,	perhaps	due	 to	 lack	of	primer	 conservation.	All	 the	
Ugandan	Tp2	variants	noted	both	within	and	outside	the	six	previ‐
ously	defined	epitopes	have	been	reported	previously	 (Pelle	et	al.,	
2011).	The	6	mapped	CD8+epitopes	 in	 the	Tp2	protein	of	 the	ref‐
erence	Muguga	genotype	were	also	the	most	commonly	observed	
variants	among	 the	Ugandan	 isolates.	This	was	 similar	 to	 the	data	
for	 the	Tp1	epitope.	Seventeen	 representative	 samples	were	used	
to	 construct	 a	 neighbour‐joining	 phylogenetic	 tree	 (Figure	 5).	 The	
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field	samples	were	grouped	into	two	clusters	with	T. parva	Muguga	
clustering	 together	with	 one	 group	 of	 south‐western	Uganda	 iso‐
lates	(Figure	5).
4  | DISCUSSION
This	 study	 generated	 baseline	 data	 relating	 to	 diversity,	 based	 on	
polymorphic	VNTR	 loci	and	CD8	+	target	antigen	gene	sequences	
(Tp1	and	Tp2),	within	T. parva	populations	from	an	endemic	region	
in	South	West	Uganda.	The	data	revealed	extensive	T. parva allelic 
diversity	 in	 the	 14	 satellite	markers	 among	 200	 parasite	 samples.	
Higher	 levels	 of	 diversity	 are	 typically	 revealed	 when	multi‐locus	
genotypes	 are	 derived	 by	 combining	 data	 from	 a	 panel	 of	 VNTR	
loci,	dispersed	on	all	 four	chromosomes.	Each	VNTR	was	found	to	
be	highly	polymorphic,	 as	previously	described	 (Oura	et	al.,	2003,	
2005).	A	high	 level	of	diversity	was	also	observed	among	T. parva 
genotypes	in	Lira	and	Kayunga	in	northern	and	central	Uganda	re‐













are	 typically	 infected	 with	 parasite	 populations	 exhibiting	 higher	
antigenic	diversity	 than	T.	parva	 that	 can	be	 transmitted	between	
cattle	 by	 ticks	 (Obara	 et	 al.,	 2015;	 Pelle	 et	 al.,	 2011).	 In	 addition,	
































2006)	 that	 revealed	 existence	 of	 significant	 numbers	 of	 multiple	
infections	 in	 field	 samples	when	 analysing	 populations	 of	T. parva 
using	VNTR	markers.	The	high	T. parva	diversity	and	 frequency	of	
multiple	 infections	 may	 be	 explained	 by	 heavy	 tick	 infestations	
resulting	 from	 irregular	 tick	 control	 regimes	 (Wambura,	 Gwakisa,	






These	 findings	 from	 Uganda,	 contrast	 with	 data	 from	 Zambia	
(Geysen	et	al.,	1999)	and	Tanzania	(Mwega	et	al.,	2015)	that	indicated	
relative	 homogeneity	within	 the	T. parva	 populations.	 These	differ‐
ences	may	partially	be	attributable	to	the	fact	that	different	polymor‐
phic	marker	loci	were	used	in	Zambia,	although	application	of	VNTR	




F I G U R E  5  Dendrogram	depicting	genetic	relationships	
between the predicted Theileria parva	Tp2	proteins	from	17	
representative	field	isolates	from	South	West	Uganda.	(SA)	
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suggesting	 that	 transmission	 levels	were	 low	 in	 the	Tanzanian	pop‐






nodominant	 in	 cattle	 populations	 expressing	 specific	Class	 I	MHC	
haplotypes	 were	 also	 polymorphic	 in	 the	 study	 population.	 The	
amino	acid	sequences	of	these	vaccine	candidate	schizont	antigens	
revealed	diversity	in	the	one	and	six	defined	CTL	epitopes	present	










Tp1	fragment	was	a	single	protein	sequence	 in	all	 the	 isolates	and	
the	Tp2	epitope	sequences	were	 identical	 to	 those	 in	 the	T. parva 









consistent	 with	 positive	 selection	 at	 the	 Tp1	 locus	 and	 instead	
showed	an	identical	log	likelihood	for	both	the	near‐neutral	and	the	







It	 is	not	certain	 that	 the	mapped	Tp1	and	Tp2	epitopes	are	pre‐








challenge	and	 improved	protection,	at	 least	 in	 the	short	 term.	Thus,	
one	major	concern	among	veterinary	authorities	that	has	constrained	
large	scale	ITM	deployment	in	Uganda	should	now	be	reduced.
The	 interpretation	 of	 phylogenetic	 relationships	 inferred	 from	









It	 is	 important	 to	 appreciate	 the	 extent	 of	 genetic	 diversity	 in	
parasite	 populations	 in	 order	 to	 understand	 the	 potential	 impact	
of	control	measures,	particularly	vaccination,	(Muleya	et	al.,	2012).	
The	most	 important	 finding	 from	 the	 current	 study	with	 practical	
implications	 for	 deployment	of	 the	 live	 vaccine	 is	 the	 fact	 that	 all	
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